Executive control and flexible adjustment of behavior following errors are essential to adaptive functioning. Loss of adaptive control may be a biomarker of a wide range of neuropsychiatric disorders, particularly in the schizophrenia spectrum. Here, we provide support for the view that oscillatory activity in the frontal cortex underlies adaptive adjustments in cognitive processing following errors. Compared with healthy subjects, patients with schizophrenia exhibited low frequency oscillations with abnormal temporal structure and an absence of synchrony over medialfrontal and lateral-prefrontal cortex following errors. To demonstrate that these abnormal oscillations were the origin of the impaired adaptive control in patients with schizophrenia, we applied noninvasive dc electrical stimulation over the medial-frontal cortex. This noninvasive stimulation descrambled the phase of the low-frequency neural oscillations that synchronize activity across cortical regions. Following stimulation, the behavioral index of adaptive control was improved such that patients were indistinguishable from healthy control subjects. These results provide unique causal evidence for theories of executive control and cortical dysconnectivity in schizophrenia.
Executive control and flexible adjustment of behavior following errors are essential to adaptive functioning. Loss of adaptive control may be a biomarker of a wide range of neuropsychiatric disorders, particularly in the schizophrenia spectrum. Here, we provide support for the view that oscillatory activity in the frontal cortex underlies adaptive adjustments in cognitive processing following errors. Compared with healthy subjects, patients with schizophrenia exhibited low frequency oscillations with abnormal temporal structure and an absence of synchrony over medialfrontal and lateral-prefrontal cortex following errors. To demonstrate that these abnormal oscillations were the origin of the impaired adaptive control in patients with schizophrenia, we applied noninvasive dc electrical stimulation over the medial-frontal cortex. This noninvasive stimulation descrambled the phase of the low-frequency neural oscillations that synchronize activity across cortical regions. Following stimulation, the behavioral index of adaptive control was improved such that patients were indistinguishable from healthy control subjects. These results provide unique causal evidence for theories of executive control and cortical dysconnectivity in schizophrenia.
oscillations | neural synchrony | adaptive control | schizophrenia | transcranial direct current stimulation N etworks involving frontal cortex allow us to adapt our actions to dynamic environments and adjust information processing following errors (1) . This adaptive control is a hallmark of healthy goal-directed behavior, but it is dysfunctional in a variety of psychiatric and neurological disorders (2) (3) (4) . In particular, the adaptive-control deficits that are a central feature of schizophrenia are highly predictive of poor functioning in daily life (5) . In the laboratory, a canonical signature of adaptive control is the magnitude of posterror slowing of reaction time (RT), in which healthy subjects respond more slowly after making an error (6, 7) . Patients with schizophrenia show an impaired ability to slow down their responses after errors (4, (8) (9) (10) (11) (12) (13) , but also 14, 15) , providing a laboratory index that captures the rigid, perseverative, and maladaptive behavior that is characteristic of the disorder (8, 16) .
Adaptive control in the healthy brain is hypothesized to depend partly on the low-frequency EEG oscillations measured over medial-frontal cortex. The low-frequency oscillations are thought to reflect coordinated activity across the diverse set of brain areas recruited to perform a task (1, (17) (18) (19) (20) (21) (22) . In addition, medial-frontal theta (4-8 Hz) oscillations appear to signal the need for adaptive control across a variety of tasks and situations. Situations that call for adaptive control include stimulus novelty, response conflict, negative feedback, and behavioral errors, with all of these situations sharing a common medial-frontal spectral signature in the theta band (21) . However, the functional significance of medial-frontal theta may be much broader than simply functioning as an alarm for the adaptive-control system. Theta oscillations have been hypothesized to serve as the temporal code that coordinates neuronal populations involved in implementing control (1, (19) (20) (21) , with medial-frontal cortex working in concert with dorsolateral prefrontal areas to support flexible, adaptive behavior (1, (23) (24) (25) (26) . For example, when an error occurs, network-level oscillations allow executive mechanisms to adjust subordinate cognitive mechanisms (e.g., perceptual attention, response-selection thresholds). In the present study, we examined whether the executive-control deficits in patients with schizophrenia arise from communication and coordination failures among the cognitive subsystems flexibly linked through low-frequency oscillatory activity (3, 27, 28) .
We recorded EEG oscillations from outpatients with schizophrenia and demographically matched healthy controls (Table S1) while they performed a two-alternative forced-choice target discrimination task with response deadlines and interleaved stopsignal trials sufficient to produce errors (similar to a go/no-go task) (Fig. 1A) . We reasoned that if temporal structured medial-frontal theta activity underlies normal adaptive control, the patients should exhibit abnormal medial-frontal theta provided that they show abnormal posterror slowing.
Results
Our findings were consistent with the prediction that when medial-frontal theta is disordered, the posterror slowing index of adaptive control will be impaired. We found that posterror slowing was absent in patients (i.e., not different from 0 ms: F 1,17 = 0.007,
Significance
The ability to exert control over our behavior is fundamental to human cognition, and is impaired in many neuropsychiatric disorders. Here, we show evidence for the neural mechanisms of adaptive control that distinguish healthy people from people who have schizophrenia. We found that the noninvasive electrical stimulation phase aligns low-frequency brain rhythms and enhances functional connectivity. This brain stimulation modulated the temporal structure of low-frequency oscillations and synchrony, improving adaptive control. Moreover, we found that causal changes in the low-frequency oscillations improved behavioral responses to errors and long-range connectivity at the single-trial level. These results implicate theories of executive control and cortical dysconnectivity, and point to the possible development of nonpharmacological treatment alternatives for neuropsychiatric conditions. P = 0.935) and reduced (F 1,17 = 5.387, P = 0.033) relative to the significant posterror slowing we observed in controls (F 1,17 = 6.436, P = 0.021) (Fig. 1B) . Note that some studies have not found significant posterror slowing reductions in patients with schizophrenia relative to healthy controls. The reason for this discrepancy remains an open question, with possible factors including task modality (e.g., oculomotor vs. manual response), task parameters, and symptom severity. However, even the studies that do not show posterror slowing in patients report abnormal posterror behavior (14) .
To test the hypothesis that theta oscillations index mechanisms related to adaptive control, we performed time-frequency decomposition of the single-trial EEGs. We directly compared the response-locked data on error trials against the response-locked data on correct trials. Consistent with the theta hypothesis of adaptive control, Fig. 1 B-D shows that the patients exhibited asynchronous and low-power central midline oscillations from 4-8 Hz. Specifically, intertrial phase coherence (main effect of group: F 1,17 = 10.388, P = 0.005), total power (main effect of group: F 1,17 = 28.338, P < 0.0001), and evoked power (main effect of group: F 1,17 = 17.612, P = 0.001) measured from the central midline electrode (Cz) on error minus correct trials were significantly reduced in patients relative to controls (time-voltage domain analysis is provided in Fig. S1 and SI Results). Converging support from cluster-randomization analyses revealed the spatiospectral specificity of these phenomena (details are provided in SI Materials and Methods). Significant clusters were confined to the theta band and the central midline location after error relative to correct responses in controls (intertrial phase coherence: 4.5-7 Hz, P = 0.008; total power: 3.5-8.5 Hz, P = 0.004, −50 to 300 ms periresponse; evoked power: 4.5-7.5 Hz, P = 0.001, 0-100 ms postresponse), but no such clusters reached significance in patients. Although these findings are consistent with the hypothesis that impaired medial-frontal theta activity explains the adaptivecontrol deficits in schizophrenia, these findings are correlational in nature. We next sought to provide the first test of this hypothesis in the human brain to elucidate the potential causal mechanism.
If the medial-frontal theta oscillations index mechanisms that are necessary for the posterror slowing metric of adaptive control, a causal manipulation of medial-frontal cortex that changes the structure of the theta oscillations should change posterror slowing. To test the prediction of necessity, we delivered 20 min of electrical current over the medial-frontal cortex using transcranial direct current stimulation (tDCS) (29, 30) (Fig. 1E) . Notably, the structure, connections, and activity of medial-frontal cortex are abnormal in schizophrenia (31) , the hub of the adaptivecontrol network (1) . We used anodal tDCS because this type of stimulation can enhance brain function by causing neurons' resting membrane potential to depolarize, resulting in greater neuronal excitability (29) . Each subject completed two stimulation conditions (i.e., anodal, sham baseline) on different days in randomized order, while subjects were blinded to the stimulation conditions (more details are provided in SI Materials and Methods).
We found that medial-frontal stimulation synchronized the timing of the theta oscillations across trials such that this electrophysiological activity in our patients with schizophrenia became indistinguishable from this electrophysiological activity in control subjects at baseline, effectively eliminating this component of their functional impairments. Consistent with the hypothesis that theta entrainment carries the adaptive-control signals that enable adaptive control, we found that medial-frontal stimulation resulted in normalization of patients' posterror slowing such that their performance was identical to the performance of healthy control subjects at baseline. Fig. 1F shows that after medial-frontal stimulation, the phase of theta oscillations shifted to become more highly synchronized across trials, whereas the magnitude remained relatively unaffected. This pattern of results was evidenced by an increase in intertrial phase coherence (patients: F 1,17 = 12.703, P = 0.002; controls: F 1,17 = 7.763, P = 0.013), but not in total power (patients: F 1,17 = 0.160, P = 0.694; controls: F 1,17 = 0.533, P = 0.475) or evoked power (patients: F 1,17 = 0.016, P = 0.899; controls: F 1,17 = 0.759, P = 0.396) after stimulation relative to sham across both groups of subjects ( Fig. 1 B and C) . Cluster analyses revealed that the effect of stimulation on intertrial phase coherence was specific to medial-frontal theta for both subject groups (patients: 5.5-7.5 Hz, P = 0.004; controls: 4.5-7.5 Hz, P = 0.009). Further, we found that the majority of patients (13 of 17) and controls (15 of 18) showed significantly greater intertrial phase coherence following stimulation. Thus, dc stimulation increased the phase structure of theta oscillations in a large number of our subjects without influencing the power of these oscillations. Anodal medial-frontal tDCS elevated patients to the sham baseline level of controls in terms of the temporal consistency of their central midline theta waves across trials (F 1,17 = 0.157, P = 0.697). A cortical source reconstruction of the cross-trial phase coherence estimated a potential generator in the superior frontal gyrus [i.e., cingulate gyrus, with Montreal Neurological Institute (MNI) coordinates of the gravity center (4.0, 18.1, 29.5) explaining 85% of the variance], consistent with intracranial recordings (1, 17) . This phase alignment of the theta oscillations in patients paralleled the improvements in behavior, just as predicted if medial-frontal theta indexes mechanisms of adaptive control. Fig. 1B shows that electrical stimulation over medial-frontal cortex boosted posterror slowing in patients with schizophrenia, such that the patients' data were indistinguishable from healthy control data measured during the sham baseline condition. After stimulation, patients exhibited significant posterror slowing relative to sham (F 1,17 = 5.690, P = 0.029). With this improvement, patients no longer differed from controls in their posterror behavioral adjustments (compare the middle two black bars of Fig.  1B ; F 1,17 = 0.126, P = 0.727). The increased posterror slowing following anodal stimulation was specific to this index of adaptive control, because neither overall mean RT (mean ± SE; patients: 521 ± 13 ms vs. 520 ± 12 ms, F 1,17 = 0.009, P = 0.926; controls: 494 ± 11 ms vs. 499 ± 11 ms, F 1,17 = 0.077, P = 0.785) nor the probability of responding on no-stop trials (patients: 95 ± 1.2% vs. 97 ± 2.0%, F 1,17 = 1.520, P = 0.234; controls: 98 ± 0.6% vs. 98 ± 0.4%, F 1,17 = 0.039, P = 0.845) changed between stimulation conditions. Patients did show mild impairment in stop signal reaction time (SSRT) (i.e., a measure of how quickly a preplanned motor response is aborted after a stop signal) relative to healthy controls (mean ± SE; patients: 250 ± 6.6 ms, controls: 232 ± 5.3 ms, F 1,17 = 4.338, P = 0.053). However, no change in SSRT was observed as a function of stimulation condition (patients: 247 ± 5.0 ms, F 1,17 = 0.274, P = 0.608; controls: 224 ± 2.9 ms, F 1,17 = 2.335, P = 0.145), further demonstrating the specificity of the medial-frontal montage to affect processes related to posterror adjustments. Accuracy also was improved with stimulation (patients: 10.9 ± 1.9% vs. 5.9 ± 1.1%, F 1,17 = 6.929, P = 0.017; controls: 5.8 ± 1.5% vs. 1.3 ± 1.1%, F 1,17 = 13.366, P = 0.002), as would be expected if the posterror slowing were successfully compensating for breakdowns that result in errors. Thus, 20 min of electrical stimulation over medial-frontal cortex was sufficient to eliminate this component of the adaptive-control behavioral impairment in schizophrenia temporarily, allowing patients to adapt following errors like healthy control subjects.
The averaged results presented in Fig. 1 provide evidence that connects the aberrant theta oscillations over medial-frontal cortex with adaptive-control deficits in schizophrenia. However, to provide more precise quantification of the theta dynamics underlying adaptive control, we performed single-trial regression analyses. We found that stimulation to medial-frontal cortex not only resulted in the emergence of temporally structured theta activity in the patients with schizophrenia who previously lacked this neural activity but also resulted in the theta dynamics being predictive of posterror slowing on a single-trial level. Fig. 2A shows that theta responses during the sham baseline were tightly coupled with trial-to-trial posterror adjustments in RT, but that this coupling was only true for healthy subjects and not for patients with schizophrenia. Specifically, in controls, onesample t tests of the individual standardized β-weights revealed that peak theta intertrial phase coherence predicted posterror slowing, with greater peak coherence predicting more slowing on the following trial (t 17 = 4.010, P = 0.001). Intertrial phase coherence in patients showed no such predictive power (t 17 = 0.149, P = 0.884), and their β-weights were significantly smaller than the β-weights of controls (t 17 = 3.738, P = 0.002). However, after stimulation had realigned the phases of the medial-frontal theta oscillations in patients, their peak theta phase-coherence values significantly predicted single-trial fluctuations in posterror RT (t 17 = 3.624, P = 0.002). Thus, by applying dc stimulation to medial-frontal cortex, we effectively brought the theta-band activity back online in patients with schizophrenia, boosting the spectral signature of adaptive control in these patients so that they were indistinguishable from healthy controls.
Our findings provide support for basic models of information processing in the brain, which propose that the theta phase provides a carrier wave for neuronal computation and communication across broad neural networks (1, 21) . However, thus far, we have only assessed local oscillatory dynamics focused on the electrode nearest medial-frontal cortex. To test these ideas further, we examined long-range functional connectivity before the implementation of control in patients with schizophrenia and healthy subjects.
According to current theories of prefrontal-cortex functioning, after the occurrence of an event, such as an error, that requires a dynamic adjustment to ongoing information processing, the medial-frontal cortex interacts with the lateral-prefrontal cortex in a dynamic loop to recruit greater control and improve later performance (20, 23) . If the action-monitoring and cognitivecontrol systems are coordinated during adaptive control via theta-band phase dynamics, we should find interregional phase synchrony between the medial-frontal and lateral-prefrontal theta oscillations following errors relative to correct responses. More importantly, if electrical stimulation to medial-frontal cortex improved adaptive control in the patients by improving this thetaband loop, we should find stimulation-induced enhancement in the phase synchrony between central midline and frontolateral sites after errors compared with correct responses. Fig. 3 shows that the predictions of the interregional phase synchrony account were supported. When we seeded our analyses with the medial-frontal theta oscillations from −50 to 300 ms periresponse, we measured intersite phase synchrony across the head and found stronger theta connectivity between medial frontal (Cz) and frontolateral sites on error relative to correct trials in healthy subjects (Cz-F3: F 1,17 = 16.408, P = 0.001; Cz-F4: F 1,17 = 15.167, P = 0.001). We observed striking spatial selectivity of this differential theta synchronization effect. Cluster analyses revealed significant Cz-seeded theta connectivity isolated to the frontolateral regions of the head (i.e., F3: 4.5-8 Hz, P = 0.004; F4-T4: 4-7.5 Hz, P = 0.009). Of note, our ability to capture the spatial specificity of this long-range theta effect was due, in part, to the Laplacian transform used to generate current-source density, which is known to highlight local electrical activity unique to each electrode while minimizing broadly distributed activity common to multiple electrodes (19, 20, 32) (Fig. 3B ). This pattern of results is exactly as predicted if the theta-band phase dynamics allow the action-monitoring system of medial-frontal cortex to communicate with the cognitive-control system of lateral-prefrontal cortex and increase decision thresholds or slow down response selection to avoid future mistakes. Our manipulation of medial-frontal stimulation effectively reduced abnormal interregional functional connectivity in the patients with schizophrenia. First, consistent with faulty posterror slowing at baseline, patients exhibited no significant theta phase synchrony on error relative to correct trials (Cz-F3: F 1,17 = 1.103, P = 0.308; Cz-F4: F 1,17 = 0.345, P = 0.565) and weaker synchrony relative to controls in the sham condition (Cz-F3: F 1,17 = 5.504, P = 0.031; Cz-F4: F 1,17 = 6.351, P = 0.022) (Fig. 3A) . However, after anodal tDCS over medial-frontal cortex, a similar pattern of intersite phase synchrony emerged in patients. Specifically, connectivity between medial-frontal and frontolateral sites was significantly stronger (anodal vs. sham Cz-F3: F 1,17 = 5.734, P = 0.028; Cz-F4: F 1,17 = 8.147, P = 0.011) and specific to this regional network (false alarm rate controlled by cluster analyses; F3: 4.5-7.5 Hz, P = 0.014; F4: 4-7.5 Hz, P = 0.010). Single-trial analyses revealed that Cz-F4 theta synchrony was predictive of posterror slowing for patients after stimulation (t 17 = 4.285, P = 0.001), unlike in the sham baseline, where patients' connectivity did not predict single-trial behavior after an error (t 17 = 1.061, P = 0.303) (Fig. 2B) . These results provide causal support for the hypothesis that medial-frontal and lateral-prefrontal cortices in schizophrenia fail to communicate the need for adaptive control via synchronized low-frequency oscillations. Even more striking, after 20 min of dc brain stimulation, we were able to enhance the long-range functional connectivity underlying the moment-to-moment changes in adaptive control in patients with schizophrenia.
Discussion
In summary, our findings demonstrate that the posterror slowing deficit of adaptive control in schizophrenia is governed, in part, by dysfunctional processes indexed by theta-band phase dynamics, which are abnormally decoupled from frontolateral oscillations important for the implementation of cognitive control. However, by stimulating medial-frontal cortex, considered by many to represent a fulcrum for the action-monitoring network, we were able to improve the behavioral and neural signatures of adaptive control in schizophrenia temporarily.
The present study shows that dc applied to the brain changed the nature of the oscillations that it generates. It initially seems counterintuitive that constant current stimulation can change the nature of oscillations, with a selective influence on the phase structure of low-frequency oscillations, without an accompanying change in spectral power. This study demonstrates that the unchanging dc affected a specific phase-based oscillatory mechanism in the brain. This finding is consistent with the view that the dimensions of the EEG (e.g., frequency, power, phase) reflect separable physiological mechanisms for the organization and communication of neuronal computations (33) (34) (35) (36) . For example, studies have shown that global theta synchronization, but not theta power, promotes learning and adaptation (37, 38) . Also, single neurons show phase-coherent relationships with thetafield oscillations during improvements in memory (39) and adaptive behavioral control (1) . The use of phase synchronization over other oscillatory features (e.g., frequency, power) may be due to a phase dependence of synaptic plasticity by lowfrequency oscillations (35, 40, 41) . The physiological mechanisms that allow dc stimulation to change the event-related phase dynamics of the brain will be an important topic for future work across multiple techniques (e.g., unit recordings, local field potentials, slice preparations), adding to this growing literature (42) (43) (44) (45) .
Our observation that electrical stimulation of medial-frontal areas organizes the phase of low-frequency oscillations in the brains across healthy people and patients with schizophrenia indicates that the functioning of adaptive-control mechanisms may be best conceptualized as operating along a continuum. Throughout our analyses, we found no significant group × stimulation interactions [posterror slowing (F 1,17 = 0.008, P = 0.929), intertrial phase coherence (F 1,17 = 1.076, P = 0.314), total power (F 1,17 = 0.424, P = 0.524), evoked power (F 1,17 = 0.218, P = 0.647), and intersite phase synchrony (Cz-F3: Cz-F4: F 1,17 = 1.013, P = 0.328)]. The absence of such interactions demonstrates that patients with schizophrenia and healthy participants both benefit similarly from the medial-frontal tDCS. If the nature of the mechanism implementing adaptive control were qualitatively different in patients with schizophrenia and healthy controls, we would expect to see interactions of stimulation and group on the behavioral and electrophysiological metrics. This result does not rule out the possibility that cognitive impairments are a central feature in the pathophysiology of schizophrenia; rather, it suggests that the functioning of the adaptive-control system is best conceptualized as a continuum, consistent with the guidelines of the National Institute of Mental Health research domain criteria (RDoC) (46) . Thus, our findings inform the current debate about the nature of cognitive deficits in schizophrenia; that is, there is debate about whether symptoms of schizophrenia are categorically and qualitatively different from other forms of human behavior and experience or whether the brains of healthy people who may carry latent liability for psychosis exhibit similar characteristics, although below the threshold for diagnosis (47) (48) (49) (50) . The dimensional approach to understanding schizophrenia symptomatology is given its clearest expression in the RDoC framework, which focuses on basic dimensions of functioning across the wellness spectrum, and not on diagnoses based on heterogeneous clusters of symptoms. Our results suggest that the neural and behavioral manifestations of adaptive control may be similarly characterized as a dimension of functioning across a spectrum (or continuum), from high to low cognitive flexibility. We note that our results are based on one metric of adaptive control. Although posterror slowing is regarded as a behavioral signature of adaptive functioning, no single measure can capture the full scope of a cognitive capacity in all of its richness and complexity. Thus, future work is required to substantiate the suggestion that adaptive control may be more accurately conceptualized as a continuum, rather than having subcategories.
Our observation that the causal manipulation of cross-trial timing of theta oscillations governs processes related to the adaptive-control failures in schizophrenia is consistent with the dysconnectivity hypothesis of schizophrenia (3, 27, 28, 51) . Specifically, low-frequency theta oscillations are thought to enable flexible connections between neural networks as task demands change or adaptive control is needed in the healthy brain, with this connectivity being disordered in the brains of patients with schizophrenia. Functional and structural connectivity problems in schizophrenia are frequently reported as abnormalities of hypoconnectivity involving the frontal cortex and present across the different stages of schizophrenia (52) . Our results contribute important new knowledge to this growing body of work by showing that (i) patients with schizophrenia exhibit reduced functional connectivity, as observed in low-frequency electrophysiological activity following behavioral errors; (ii) these reductions in connectivity correspond to impaired behavioral responses to errors; and (iii) stimulation of the medial-frontal cortex can improve connectivity and normalize posterror behavior at the single-trial level in patients with schizophrenia.
Our findings also allow us to address two alternative explanations for the results. First, it is unlikely that medication of the patients with schizophrenia can explain the results. Atypical antipsychotics have been shown to produce modest but significant benefits for cognitive deficits in schizophrenia (53) . Given our within-subjects design, any medication effects would apply equally across stimulation conditions. However, we observed significant neural and behavioral effects following active tDCS relative to sham in patients with schizophrenia, and we found no significant subject-wise correlations between the medication dose (i.e., chlorpromazine dose equivalent) and the primary outcome measures (r 17 < 0.323, P > 0.191 across all measures). Thus, it is unlikely that the effects we observed are simply due to the presence of antipsychotic medication. However, further work is needed to better determine the specific effects of antipsychotic medications on posterror behavioral adjustments.
Second, the theta phase effects were not due to simple evoked activity. Our time-frequency analysis of the evoked activity was unlike the strong effects of stimulation on theta phase structure that we observed in the EEG activity [ Fig. 1 D (Right) and F (Right), but also Fig. S1 ). Although the time course of the local and global synchronization effects may seem fast (∼0-300 ms posterror), 300 ms is sufficient for a single full 4-Hz (250-ms) cycle, or for multiple 6-Hz (∼167-ms) or 8-Hz (125-ms) cycles to serve as a brief excitability window for the integration of information for adaptive control. In addition to the temporal profile of the synchronization effects and the phase concentration of the effects, the long-range connectivity results argue further for an oscillatory-based explanation for how medial-frontal tDCS enhanced adaptive control following errors. However, it is possible that the relationship between low-frequency oscillatory activity and behavior may be caused by a third, undetected factor.
The present study has important implications for translating these findings from the laboratory into the real world. The treatment of cognitive deficits has traditionally been the domain of pharmacology (54); however, there are several encouraging signs that transcranial electrical stimulation may offer a safe alternative or adjunct approach. For patients with schizophrenia, atypical antipsychotic drugs (e.g., clozapine, risperidone, olanzapine) can ameliorate some aspects of cognitive deficits (55) . However, there are adverse side effects, such as obesity and diabetes, and some patients develop resistance (56, 57) . Therefore, there is a dire need for effective and noninvasive treatment options without the side effects. Over the past decade, tDCS has come into the spotlight, showing some promise as a drug-free intervention for neuropsychiatric illnesses, such as schizophrenia (58) . Compelling rationales for using tDCS in schizophrenia include the fact that NMDA receptor dysfunction is implicated in schizophrenia pathophysiology (59) and NMDA antagonists abolish tDCS effects, whereas NMDA agonists enhance tDCS effects (60, 61) . Second, schizophrenia is associated with deficits in neuroplasticity, specifically brain-derived neurotropic factor (BDNF)-dependent synaptic plasticity (62) , and research has shown that dc stimulation promotes BDNF-dependent plasticity (63) . Third, compared with other noninvasive stimulation methods, such as transcranial magnetic stimulation (TMS), tDCS is cost-effective, easy to use, portable, and safe, making this technique an attractive candidate as a supplementary neurointervention for people with severe neuropsychiatric conditions such as schizophrenia, which places a heavy personal and societal burden, reportedly costing more than $62.7 billion per year in the United States (64).
Materials and Methods
Materials and methods used in this study are discussed in SI Materials and Methods. Briefly, all subjects gave written informed consent approved by the Vanderbilt University Institutional Review Board and were paid. Patients or demographically matched healthy subjects were first exposed to 20 min of sham or anodal tDCS. Next, they performed a color discrimination task (Fig. 1A) , requiring a twoalternative forced choice response within 700 ms, unless countermanded by a stop signal. Subjects' EEG was continuously recorded (250-Hz sampling rate, 0.01-100-Hz bandpass filter) while they performed this task. The electrophysiological and behavioral data were analyzed offline. Each subject participated in both anodal and sham stimulation conditions on different days, with order randomized. Debriefing questions confirmed that subjects were blind to the nature of the stimulation condition.
